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COMPUTER SIMULATION OF AIRCRAFT MOTIONS
AND PROPULSION SYSTEM DYNAMICS FOR THE YF-12
ALRCRAFT AT SUPERSONIC CRUISE CONDITIONS
Stuart C. Brown

Ames Research Center
SUMMARY

This report describes a computer simulation of the YF-12 aircraft motions
and propulsion system dynamics. The aircraft is a delta-wing twin-engine type
which is capable of cruising at high altitudes and supersonic Mach numbers and
the simulation is intended to represent the aircraft and its systems for these
conditions. The propulsion system was represented in sufficient detail so that
interactions between aircraft motions and the propulsion system dynamics could
be investigated.

Six degree-of-freedom aircraft motions together with the three-axis sta-
bility augmentation system were represented. The mixed compression inlets and
their controls were represented in the started mode for a range of flow con-
ditions up to the inlet unstart boundary. Effects of inlet moving geometry
on aircraft forces and movements as well as effects of aircraft motions on the
inlet behavior were simulated. The engines, which are straight turbojets,
were represented in the afterburning mode, with effects of changes in aircraft
flight conditions included. The simulation was capable of operating in real
time.

INTRODUCTION

One portion of the overall NASA YF-12 research program is directed toward
investigations of interactions between aircraft motions and elements of the
propulsion system during high-altitude supersonic cruise conditions., The
program includes flight test, wind tunnel, and control investigatioms. These
interactions become of increased importance for aircraft with mixed-compression
inlets such as those used on the YF-12. While the mixed-compression inlet is
the most efficient type for Mach numbers greater than about 2.2, the inlet is
quite sensitive to aircraft motions and the resulting flow changes. Further-
more, precise control of its moving geometry is required to achieve this design
efficiency. This report describes a digital computer simulation which was
prepared for the investigation of these interaction problems. The simulation
was intended to be used for two purposes. The first was for comparisons of
predicted with flight test results, while the second was for developing con-
trol systems which would reduce the interactions to suitably small levels.
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The simulation was developed for overall representations of the aircraft
motions and propulsion system dynamics for cruise conditions at high altitude
(above 15.24 km) and supersonic Mach numbers (greater than about 2.4}. Six
degree-of -freedom aircraft motions together with the three-axis stability aug-
mentation system were represented. Each inlet, operating in the started mode,
was represented in sufficient detail so that effects of aircraft motions on
controlled inlet performance and effects of moving inlet geometry on aireraft
motions were included. Each engine was represented in the afterburning mode
in a linearized form together with interactions with inlet and aircraft flight
condition changes.

The parameter variations for the aircraft motions and engine representa-
tions over the flight range of interest were sufficiently moderate so that
they could have been stored in the computer over the entire flight range of
interest. However, the generation of pertinent inlet flow parameters presented
a special problem since the representation of multivariable nonlinear functions
was needed.

The use of a tabular form for these functions over the complete range of
interest would have required an excessive amount of storage and computation
time. In order to facilitate more efficient computer utilization, the simu-
lation was designed to operate only in restricted ranges near selected nominal
conditions. Nonlinear functions, principally ones describing inlet parameters,
were represented as multivariable power series expansions. These expansions,
then depended upon the nominal condition selected. A separate procedure was
used to generate the expansion coefficients for selected nominal conditions
from available wind tunnel and/or flight data.

NOTATION
A. incremental engine primary exhaust nozzle area
i P
a speed of sound
b wing span
c reference wing mean aerodynamic chord
- D
CD drag coefficient, a;g
c 1ift coefficient, —%r
L qu
€y rolling-moment coefficient, rolllngsgoment
Ay
Cm pitching-moment coefficient, pltchlggsmoment
v
N L. yawing moment
Cn yawing-moment coefficient, qVSb
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side force

C side-force coefficient,
y q,5
D aeradynamic drag
fa[ ) nonlinear function contributing to inlet pressure recovery
calculation
fb( ) nonlinear function contributing to bypass signal pressure
calculation
fC C ) nonlinear function contributing to airflow unstart boundary
a calculation
fc () nonlinear function contributing to spike unstart boundary
s calculation
g acceleration due to gravity
h altitude
Ixx, Iyy’ Izz rolling, pitching and yawing moments of inertia about body

reference axes

Ixz product of inertia about body reference axes

L aerodynamic lift

M Mach number

m aircraft mass

N in¢remental engine rotor speed

n, normal acceleration at the cg

p,q,T rolling, pitching and yawing angular velocities about

body reference axes

ps/pt ratio of bypass static pressure signal to free-stream total
m pressure
Py /P ratio of total pressure at inlet diffuser exit to free-stream
2 "o total pressure
D, /pt ratio of incremental burner total pressure to free-stream
4 total pressure
q, dynamic pressure
S wing area
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5 Laplace transform variable

T time constant
Tt total temperature
v nominal forward velocity
W incremental airflow demanded by the engine corrected to
€c diffuser exit conditions
wey Ttg/TStd
ptz‘lpstd
Weab incremental afterburner fuel flow
wfpb incremental primary burner fuel flow
X,Y,Z forces along the x,y,z body axes
Xy incremental shock wave position from unstart location
o incremental angle of attack from a
o
% angle of attack relative to wing reference plane
B sideslip angle
6a total antisymmetrical elevon deflection
Awi inlet airflow connected to diffuser exit conditioms,
© Yig "o, Tsed
P,/ Psrd
Ax denotes incremental value from the nominal condition, x-xo,
for the arbitrary quantity x unless otherwise indicated.
Gbp position of actuator controlling bypass exit flow
6 symmetrical elevon deflection
Gr vertical tail deflection
65p inlet spike position
ét incremental engine thrust
5] pitch angle
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] mass density of air

¢ roll angle
Subscripts
a total antisymmetrical values of left and right side

propulsion system parameters

e external input

m measured value

o nominal value

s total incremental symmetrical value of left and right side

propulsion system parameters

sas output from stability augmentation system
std standard value at sea level

2 value at compressor inlet

A value at primary burner exit

Superscripts

£ left side

r right side

5 stability axis system

Aerodynamic Derivatives

Generally, derivatives of coefficients are with respect to the indicated
dc
subscript; e.g. C = Efll’ An exception to this notation is used for the
nB B
aerodynamic damping derivatives, C_ , Cn , C. , C_ . These terms are deriv-
r.r P P dc

atives with respect to the subscripts times %V“ e.g. C; .

. YA
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DESCRIPTION OF AIRCRAFT

The YF-12 is a delta-wing twin-engine aircraft which is capable of
cruising at Mach numbers greater than 3 and at altitudes greater than
24.38 km. A three-view drawing of the airplame is shown in figure 1.
The aerodynamic controls are as follows. Two elevons on each wing, one
inboard and one outboard of each nacelle, operate together symmetrically and
antisymmetrically with the pair on the opposite wing to provide longitudinal
and lateral control. Two nacelle mounted all-movable vertical tails provide
directional control.

The aircraft has two axisymmetric variable geometry, mixed compression
inlets., Each inlet has a translating centerbody (spike), which varies the
inlet contours with flight condition and a forward bypass door which diverts
flow from the engine and dumps it overboard. The forward bypass door is
continuously modulated through use of a closed loop control system to main-
tain the inlet airflow at a desired condition and to prevent inlet unstarts.
Mach number as well as angle of attack and sideslip angle signals are sup-
plied to the spike and bypass systems. Other flow is diverted from the inlet
by a fixed bleed system on the centerbody which exhausts the flow overboard,

a fixed bleed on the cowl, and an aft bypass door. The latter two flows supply
secondary air for engine cooling. The aft bypass doors are manually scheduled
by preselected increments with flight condition. In the event of an inlet
unstart, control signals are scheduled to adjust the inlet spike and forward
bypass doors to restart the inlet flow and then return the inlet to its
previous position.

The engine is a Pratt and Whitney YJ58 single-spool axial flow turbojet
with afterburner. Provision is made to bypass a portion of the air from the
compressor. The bypassed air remixes with the primary flow at the entrance
to the afterburner. Engine rotor speed is controlled by closed loop adjust-
ment of the exhaust nozzle which varies back pressure on the turbine. The
flow exits through a converging-diverging ejector nozzle with adjustable
trailing edge flaps. Afterburner fuel flow is an open loop function of power
lever angle, burner pressure, and compressor inlet temperature. Primary
burner fuel flow depends upon the same quantities plus rotor speed.

DESCRIPTION OF SIMULATION

The purpose of the simulation was to represent both airframe motion and
propulsion system dynamics in sufficient detail so that effects of parameter
variations and interactions between the systems could be investigated. The
similation was intended for use both for identification with flight test
results and for control system studies. Since a simulation which would
operate at least as fast as real time was desired, a careful balance was
necessary between depth of representation of the various components and com-
putational speed. The simulation was intended to operate in the aircraft
motion frequency range, which included the phugoid mode, from about 0.005 to
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to 5 hertz. Hence higher frequency effects associated with both aircraft
motions and the propulsion system were neglected. Simplifications in the
representation of several inlet nonlinear functions, obtained from wind tunnel
data, were also necessary. Rather than attempt to represent these functions
of several variables in a tabulated form for the complete range of interest,
power series expansions, valid for a restricted range, were made relative to
selected nominal flight conditions. A procedure for obtaining these functions
is discussed in a subsequent section and Appendix A. It was intended that the
expansion coefficients be obtained through use of a separate computer program
which would curve fit the original data and obtain the coefficients in a form
for direct use in the simulation.

The equations used for the simulation are described in detail in the
following sections of this report. Descriptions are given of the aircraft,
inlet, and engine representations, as well as their respective control systems.
Then the numerical integration procedures used are presented. Finally, a
listing of the computer program is provided in Appendix B. A sketch of the
subsystems represented together with the interconnecting variables for these
systems are shown in figure 2. The numerical data used for the simulation
are not included in this report.

Airframe Representation

The equations used to obtain six degree-of-freedom rigid-body aircraft
motions are given in this section. Effects of inlet and engine forces and
moments are included. The representation for the aircraft three-axis stability
augmentation system and the control surface dynamics are also described. An
outline of the computations performed is shown in figure 3.

Aireraft equations of motion— The following assumptions were made in
determining the airframe equations of motion.

1. The airframe is assumed to be a rigid body.

2. The mass of the airplane is assumed to be constant for the portion
the flight to be analy:zed.

3. The earth is assumed to be flat, nonrotating, and fixed in inertial
space. '

& 4. The aircraft has a vertical plane of symmetry.

5. Small angle approximations apply.

Two moving-axis systems were used with origins at the center of gravity
of the aircraft. The first is a stability axis system. In the definition
used here, the x5 and z5 axes (positive forward and downward respectively)

are located in the aircraft plane of symmetry and are aligned parallel and
perpendicular to the instantaneous relative wind projected into the plane of
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symmetry. The yS axis is perpendicular to the plane of symmetry (positive to
the right). The second axis system is a body axis system which is fixed to
the aircraft. The x and y axes are fixed in a wing reference plane (denoted w)
which is aligned with the principal wing surface, whereas the z axis is per-
pendicular to it. The transformation from one axis system to the other is
made by a rotation of the angle, oy, about the common y axis. Aerodynamic
stability derivatives and force and moment coefficients were available in the
stability axis system. These quantities were transformed to the body axis
system and then integrated with the result that motions as measured in flight
would be directly represented. Moreover, body motions to be used as SAS sig-
nals would also be directly obtained. Since effects of changes in M on sta-
bility derivatives are small for the range of interest, they have been
neglected.

As part of the initialization procedure, lateral-directional stability
derivatives were converted from the stability axis direction to the body axis
direction (a rotation of awo). The effect of any subsequent changes in o on

the lateral-directional stability derivatives was neglected. For these static
derivatives, the conversion from stability to body axes was as follows:

C =C cosa +C sina (1)
n. . W g, W
i i 0 i o
_ A8 S .
CR. = Cg. cos o Cn. sin a (2
i i o i o

where the subscript, i, denotes a static derivative such as 8, 8g, etc. For
the damping derivatives, the equations for resolving both.the moment coeffi-
cients and the angular rates from stability to body axes are:

C = Cs sin? o+ Cs cos? g
n '3 W n w
T P 0 T )
+ (%s . C3 ) sin o cos o (3)
n L W W
P r 0 o
¢ =¢ sinZ o +C cos? q
L n W A W
r P 0 T 0
+ (%i - Cs ) sin o cos o (4)
n w w
P T 0 0
C =-C sin?a +C cos?a
n L w n w
p r o p 0
{
8 s .
+ -
(Fﬁ Cn ) sin ¢ cos o (5)
P T 0 ¢]
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= 3 s 2 5 2
C2 = Cn sin o + CE Ccos o
r T o D o]
5 5 .
- (Fn + CZ ) sin @ cos o (6)
) T o 0

where the subscript, s, denotes stability axes and no superscript denotes
body axes. The body axis derivatives were vused in all subsequent calculations.

Drag and 1ift forces were initially calculated in the stability axis
system.

D° _ EEE Ca) +C> a6 + C 5 +C 8 (7)
mom p® D e D bp D sp
& 8 5 § 5
e bp bp
L @ +¢ a5+ 5 +C s o+ S (8)
TR ' L L, ‘bp L, °sp_ 2V "L %
$ $ S ¢ ] q
e bp sp

These forces were subsequently converted to body axis directions in the equa-
tions of motion.

The following equations describe the aircraft linear and angular accel-
erations relative to the body axes.

¥ S
utoa Vq = -ghQ + xﬁ Gt " tE %t XD (9
o t s
q, s q,, Sb
VeVr-gsin¢g-a Vp=-2fc B+cC 8 )+—=2—C r (10)
W, m Yg ysr r 2Vm Yy
s s
. D L
w - Vg = 26 Gt i -l Zo (11)
t s
ez . qva
p - T = C,B+C oB8+C, & +C 6 +C § + C §
Ixx Ixx 26 luB ﬂaa a ke T 26 bpa Ls 5P,
T bp sp
q, Sh2
0
t v (Cz * G P) * s St (12)
XX T P t a
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v
_ o . __»®
1= 77 (Cm.“ * Cn q) T
Yy o q Yy
q..5¢
+2—[C(@+C A5 _+C & + M, 8 (13)
I m m e m bp §, t
Yy 6e 6bp s t s
Ixz qva
r - P = C B+C_ & +C 6 +C 8 + C
Izz Izz (\nB n, a ne T ng bpa ng Sp,
a T bp sp
9y Sb?
0
i _'(%n —" P) * Ns 8t (14)
zz T p t a

Total variables were defined from incremental and reference condition
variables as follows:

Propulsion System Variables:

8 = &7 + & - 28
SP sp sp P,
2 T
& = § + & - 28
bp,  bp  bp bp, |
L r {15}
8 = 8" + &
t t
5. = &v - &F
la 1 J

where i denotes a spike, bypass, or thrust variable.

Longitudinal Variables:

@<
n

6 + AD
o

(16)

[+
L]

o 6e + AS
o e

The horizontal and vertical forces for the reference conditions in equa-
tions (9) and (11) were calculated from the drag and 1ift terms by the fol-
lowing equations.
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q, S
[+]

(%D(O) - CL(O)QWO)

q
(FL(O) + CD(O]mwO)

v
0

(17)

/

Note that the transformation from stability to body axes for the lift and
drag longitudinal equations was approximated differently than for the yawing

and rolling moment lateral-directional equations.

Since the effect of angle

of attack changes were generally greater for the longitudinal equations, the
lift and drag equations were continuously transformed from stability axes to
body axes (eq- (9) and (11)) using the instantaneous values of angle of attack

rather than only the nominal value.
used,

However, small angle approximations were

As indicated in previous equations, only aerodynamic nonlinearities due

to angle of attack were included.
series form as follows:

S s S 2
G =S *Cpay* G 2w
o f v} o
S _ S s
CL(a) = CL + CL a
f o
2
C{ey=C +C a + o
™ me m W m oW
a o

where the subscript f refers to the value of the quantity at o,

Note that from the definitions used

These quantities were expressed in power

(18)

(19)

(20)

0.

Dynamic pressure was calculated from the following approximate equation

q, =3PV + W?

For the nominal flight condition, the equation becomes

(T

2
q plh vV

(o]
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The mass density, p(h), was obtained from a tabulation of the 1962 atmosphere
(ref. 1). The variable dynamic pressure, q,, was replaced by the nominal
value, qy_» for the smaller quantities such as damping terms in equations (9)
to {14).

Incremental Mach number was calculated from the following approximate
equation.

AM = u/a (22)

Small angle assumptions were used for the Euler angle transformations,
flow angles, and vertical velocity equations.

¢$=p (23)

6=q (24)

a = % (25)
v

B =7 (26)

fo= v(e - uw) - vé 27)

Definition of propulsion system coefficients— Since the simulation was
concerned with interactions between the propulsion system and aircraft motions,
effects of both inlet and engine exit flows on the airframe forces and moments
were included. In equations (9)-(14), these effects appear as the bypass, Sbp,
and spike position, d8gp, terms from the inlet, and the thrust, §;, from the
engine. The following interpretation of these propulsion system terms was
used. The external forces and moments on the airframe due to an element of
the propulsion system can be developed from external flow changes associated
with that element. The resultant forces correspond to changes in momentum and
energy of the discharged flow from that present in the undisturbed flow
upstream of the aircraft. Changes in the internal flow are represented in the
propulsion portion of the simulation. For example, 2 change in bypass position
has two effects. The first is a change in external forces which result from
energy losses and direction changes in the flow discharged from the bypass exit.
This effect appears as the bypass terms in equations (9)-(14). The second is
a change in the internal inlet flow, which is calculated in the propulsion
part of the simulation. This change is transmitted to the engine, and results
in a second external force change due to engine thrust. Similarly, a change
in spike position produces a change in the flow at the entrance to the inlet
and a resulting change in external forces, as well as a change in the internal
inlet flow to the engine which results in a thrust change. The external
effects of the spike are relatively small in comparison with the bypass effects.
While the external forces due to the bypass and spike position vary somewhat
with angle of attack and Mach number, a linearized representation suitable
for a restricted range of these variables was used with the simulation.
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Note that when effects of inlet geometry changes on overall forces are
obtained from wind tunnel results, care is needed to insure that the measure-
ments are consistent with the definitions used for the simulation. That is,
internal inlet forces need to be measured and subtracted from the overall wind
tunnel values so that only external forces remain. Two additional factors
must be considered in the application of wind tunnel results to the represen-
tation of flight results. The first is that the internal pressure recovery,
and hence the energy of the discharged inlet flow will generally be less for
the model than for the aircraft. The second is that the angle of the dis-
charged inlet flow for the wind tunnel model may be different from that on the
aircraft. Hence approximate corrections may be needed for the wind tunnel
results to account for these differences in the aircraft representation.

SAS and control surface dynamics— The pitch, roll, and yaw SAS dynamics
for the aircraft were represented for the high-altitude supersonic cruise
conditions of interest. The system provides basic damping of the aircraft
motions and utilizes primarily angular rate sensing. In addition the yaw SAS
is designed to provide not only airframe damping, but also stabilization about
the vertical axis during an inlet unstart. The yaw SAS uses a lateral accel-
eration sensor at the nose as well as a yaw rate sensor at the c.g. Effects
of sensor dynamics and system gain changing with flight condition were
neglected in the simulation. The equations used are as follows:

K p
= - —2PB
Psas 1+ T _s (28)
pl
K n
T .K _rs my
T = rirr + n (29)

s5as 1+ Trls 1 + Trzs

where ny is the lateral acceleration at the nose
n

K (1 +T__s) . qu[l + Tﬁﬁs)
q 5) {1+ TqSS)(l + Tqus)

(30)

Limits were included on the total pgas, Qggg. and rgyg terms, and separately
on the second order temrm in the qg,. equation.

The servo actuator dynamics for the aerodynamic control surfaces were
approximated by second order equations. Provision was made in the simulation
for SAS inputs, initial conditions, and external inputs. Effects of aero-
dynamic forces on the surfaces were neglected. The equations were expressed
in the following form,
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. . a “"a _
Aileron: —* o s o+ 6 = Peas ¥ Pe (31}
a a
I S
Rudder: ;g— + 5;— ér + Br SToas T Te (32)
T
ge 2;e .
Elevon: —NE— + o Ge + Ade =0, T 9 (33)
e e

Inlet Representation

This section describes the simulation of the inlet together with the
interconnections with other portions of the system. The first part provides
an overall description of the inlet and the variables used to represent it.
The succeeding parts describe several portions of the simulation in more
detail,

Deseription of inlet system— The inlet for the YF-12 aircraft is of the
mixed compression type with a translating centerbody used for geometry changes.
Although the inlet is basically axisymmetric, body interference effects,
together with some geometry changes to adjust for these effects, result in
characteristics which are somewhat unsymmetric in the presence of sideslip
and angle of attack variations. Forward and aft bypass doors are provided for
control of the inlet airflow. The forward door continuocusly modulates the
flow whereas the aft door is adjusted manually to one of three positions as a
function of Mach number and serves only as a coarse flow adjustment. Effects
of only the forward door were included in the simulation. The inlet also has
a system of bleeds on both the cowl and centerbody. Airflow from these bleeds
is either dumped overboard or is ducted to the engine to provide cooling.
Provision for variations in these secondary flows was not included in the
simulation. Effects of inlet flow distortion and turbulence, which are of
importance for inlet-engine interactions, were also neglected.

A block diagram of the inlet simulation is shown in figure 4. The repre-
sentation for each inlet is the same except that the asymmetrical £ functions
for one side are the mirror images of the B functions for the other side. The
simulation is intended to represent conditions for the started inlet up to the
unstart boundary. Inlet flow dynamics for the diffuser were simplified to a
first order lag term since only motions in the aircraft frequency range were
of interest. Hence the principal dynamics represented were those due to con-
trol system components. The basic parameter used to represent the state of
the inlet diffuser was inlet corrected airflow, Wil i.e. diffuser airflow

corrected to diffuser exit conditions. This parameter is a direct function of
inlet exit geometry for the frequency range of interest. The exit changes
result from variations in the forward bypass opening and from changes in the
airflow demanded by the engine. '
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Three other inlet parameters were determined - (1) pressure recovery,
(2) bypass signal pressure ratio, and (3} terminal shockwave position. Inlet
pressure recovery is a parameter affecting engine performance and is a primary
input to the engine. The bypass signal pressure ratio is needed for the
Tepresentation of the bypass control system and terminal shock-wave position
represents the margin of the inlet from the unstart condition. A major problem
in the simulation was the incorporation of wind tunnel results to provide an
adequate representation of these three quantities. Wind tunnel data included
in a Lockheed Aircraft Corp. report of a detailed digital computer simulation
of the inlet indicated that the quantities are nonlinear functions of five
variables. The two variables which have primary effects are the inlet vari-
ables: corrected inlet airflow and spike position. Three more variables,
which have a secondary effect, are those describing entrance conditions to
the inlet: angle of attack, sideslip angle, and Mach number. A complete
tabular representation of functions of this many variables, even over
restricted ranges, would result in a rather cumbersome and slow computational
procedure. A simpler approach for the purpose of generating time histories
was to first curve-fit the multi-dimensional wind tunnel data by a power
series expansion in several variables. Each function was then determined from
the series as needed during the computation of the time history.

Inlet pressure representation— The coefficients of the series repre-
senting the pressure recovery and bypass signal pressure functions were
obtained through use of a least square criterion. Care was necessary in
selecting the range to be curve fitted and the resulting number of coefficients
to be used in order to keep the representations as simple as possible. As
previously mentioned, these pressures were represented as functions of two
primary variables, the inlet variables, Wi and asp’ and three secondary

variables, a, B, and M. The functional representation was expressed as fol-
lows. For a nominal! condition of the three secondary variables, an expansion
was made of the two primary inlet variables, wj ., and Gsp. Expansions of the

primary variables were also made with each of the secondary variables. Note
that this procedure neglects terms containing crossproducts between the sec-
ondary variables. In these expressions, the expansions for the inlet vari-
ables, Wi, and ssp’ were made relative to convenient average inlet conditions,

while the expansions for the secondary variables were made relative to the
particular nominal flight condition. The former choice was made in order to
facilitate adjustment of the inlet operating condition. Hence, for a set of
nominal values of @ and M (8 = 0), the pressure recovery and bypass signal
pressures were determined by the following expressions (fig. 4):

Ptz
—=f [w, , 8 +f fw, , 6 , o
P, a\"1’ “sp a\ 1.’ 'sp

+ fa (wi , asp, B) + fa (wi . M) (34)
c c

A-4840 15



+ fb(ivi , dsp’ %) + fb(fﬂi s M) (35)
c , c

The series expansions for each of the f functions were expressed as

max

1 ] k
max max i ok
f(wic, 5Sp, X) = Z : z : 2 : Cijkwicaspx (36)

i=0  j=0 k=1

where the quantity, X, represents o, 8, or M. The upper limits used, which
determine the number of coefficients required for each pressure function, are
listed in Table 1. In the selection of the coefficients, Cjjk, an attempt
was made to provide a balance between accuracy required and the need to main-
tain computational time as short as possible. Interpolation of the functions
was also necessary in order to obtain expansions about the desired nominal
flight conditions. The procedures used for determining these coefficients
are described in Appendix A.

As previously stated the input variables were expanded relative to con-
venient average inlet conditions. Hence, for a particular reference conditionm,
steady state corrections were necessary to set the nonlinear functions at the
correct values and to interface with linear portions of the simulation. The
corrections provided a means for adjusting the inlet to different reference
conditions. The quantities, dsPo and Wic, (fig. 4), were used to define the
inlet nominal operating conditions and, hénce, to calculate nominal values of
the nonlinear pressure and unstart functions. The quantity, (pS/ptm)o, was

calculated to null the signal error for the inlet nominal conditions so that
a proper interface with the incremental bypass position, Aﬁbp, would be

obtained. The quantity, (ptz/Pto)o was calculated to null the pressure

recovery signal to the linearized engine for nominal conditions. Note that
these corrections are distinct from initial condition selections.

Shockwave position end unstart boundaries— An additional calculation was
made to obtain the inlet unstart boundaries and shockwave position as a func-
tion of distance from the unstart condition. The calculation was based on a
power series expansion of wind tunnel results (contained in a Lockheed Air-
craft Coxp. report) with respect to a nominal flight condition. The form for
the inlet unstart boundary to be represented as a function of inlet parameters
(with fixed o, # and M} is shown in sketch a. The lower boundary in the sketch
represents the effect of restricting the inlet exit flow so that unstart occurs
and will be called the airflow boundary. The left hand boundary represents
the effect of overcontracting the area ratio at the inlet entrance with the
spike so that unstart occurs, and will be called the spike boundary. These
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Ssp
Sketch (a)

boundaries are affected primarily by changes in M and also by variations in
o and B. The data for the unstart boundaries were obtained from steady-state
wind tunnel tests. Because of the relatively low frequency of the disturbing
quantities relative to the basic inlet dynamics, dynamic effects on unstart
were not considered significant.

An examination of available wind tunnel data resulted in the following
functional forms for the unstart boundaries. The relation of each function
to the rest of the inlet simulation is indicated in figure 4. In curve fit-
ting the data, effects of o, B, and M were represented separately since
effects of simultaneous variations in these quantities were felt to be of
higher order. The basic airflow and spike boundaries, with M corrections
added, were expressed as follows:

F
Airflow Boundary, fc (Gs ), fc (Gs , M):
a\ P4 a\ 5P

For & < & < 8 l
sp, 5Py sp,

¢ 37)
For § 8 (
SPy > Sp,
f ( ) = w + Kc ( - 8 )
€a\ 5Py 1o 1\ 5Pg 5P,/ |
/
where & = § + K AM
SP4 sp iy,
£ {6 ,M})=-K. AM+ K, &6 MM 38
ca( Sp ) i i SP (38)
Spike boundary, fC (Fsp ):
[ d
f {s =8 -8 (39)
cs( Spd> 5Py SP3
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All of the quantities in equations {37) and (39) with numbered subscripts
denote constants. The M corrections provide both slope and displacement
changes to the airflow unstart boundary.

Separate o and 8 functions were applied to obtain displacement corrections
for the airflow and spike unstart boundaries. These functions were of the
following form:

Angle of attack correction:

)
= 2
fca(“) = King® * Kigy® ‘
\ ’ (40)
£ (@) = K%t Kipg
S )
Sideslip angle corrections:
For 8 € 0, ]
= 2. = 2
fc (8) = K., ,B%; fc (B} = KizuB
a s
For 8 > 0, ( (41)
- 2. - 2
fca(B) Kizzs 3 fcs(B) Kizsa
)

As indicated in figure 4, the unstart airflow boundary, Wi, o is the sum
of the airflow boundary nonlinear functions. u

. = £ (s +f (6., M)+ f + £ (B

a a

Similarly, the unstart spike boundary is the sum of the spike boundary
functions.

o, ° fcs(aspd) " E ) £, ® (43)

The shockwave position was curve-fitted from wind tunnel data as a non-
linear function, fd(wic), of incremental airflow from the unstart boundary.

Xg = KygptWg * Kygy sin (Kiauawc) (44)

where
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The function was assumed to be independent of inlet and flight conditions for
the operating range of interest. An inlet umstart, which could result from
either the airflow or spike boundaries being exceeded, was indicated by either
of the following equations:

x, < 0, or Gspg 65pu {(45)

The simulation was terminated when an unstart occurred since unstart conditions
were not represented.

Inlet control system— The inlet control system positions the spike as a
function of flight condition, and bypass flow as a function of flight condition
and engine airflow demand. The objective is to maintain the inlet airflow at
as high a performance condition, i.e. high pressure recovery and minimum flow
distortion, as possible while still preventing an inlet unstart. The spike
position is determined by an open loop command function which is computed from
flight condition measurements. Bypass flow is adjusted by closed locp control
with the forward bypass doors. The bypass signal is a pressure signal indica-
tive of the position of the terminal shockwave in the inlet. It is formed from
a combination of several static pressure sources which are summed and divided
by a signal which is an approximate measurement of free stream total pressure.
The use of this latter measurement reduces effects of dynamic pressure changes
on the control signal. The signal is represented by a single variable,

Ps/Ptm’ in the simulation. The desired pressure signal is a function of

flight condition measurements.

The inlet control command signals and bypass loop are included in fig-
ure 4. The flight condition measurements, o, B, M, and n; were used as open
loop commands to both the spike and bypass controls. Dynamics associated with
these measurements were represented by the time constants, Ty, Tg, and Ty.

The effect of a, B, M, and n, command signals to the spike were represented
by the functions fsp(um), Kjy2, £(B), Kjy1g9, and fsp(nz) respectively. Simi-

larly command signal corrections used for the bypass pressure ratio setpoint
were fbp(aM), Kilo’ f(B}, and fbp(nz)' The command functions were expressed

as power series expansions as follows:

Afsp(awm) ) fsP (awm) ) fSp (GWO) (463

Spike commands:

where
3
i
a = . - 5.
sP( W ) E ;asu1| W 0|
m n
1=2

o = g + o

w W m

m 0
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where %; is a constant.

Bypass commands:

where

For |n_ | < 21,
Zm

20

(47)

(48)

(49)

(50)
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Spike and bypass command:

£(s,):

FQT Smé 0, !
3
_ i
£(8,) - £ 263
. (51)
For B = 0,
m 3
i
f(Bm) - z biaiﬁm
i=2 )

Note that the command functions are expressed as incremental values from nom-
inal conditions.

The bypass control loop consisted of the bypass control dynamics and the
previously described diffuser dynamics and signal pressure function (fig. 4).
The bypass actuator dynamics and filtering were simplified to the second order
form shown. Effects of M changes on the bypass control gain were neglected.

Engine Representation

The simulation represented the dynamic response of the engine operating
in the afterburning mode and a block diagram is shown in figure 5. The simu-
lation for each engine was identical. The response was linearized relative
to a selected nominal condition., Hence, all engine states shown in figure 5
are incremental values from the nominal condition and the A symbol denoting
increments has been omitted. The primary purpose of the engine representation
was to provide input-output relationships for those variables which directly
interacted with other portions of the aircraft systems. However, sufficient
depth of the representation was considered necessary to also provide a basis
for comparisons with subsequent flight-test results. The principal relation-
ships represented consisted of the dynamic response of engine thrust, com-
pressor airflow, and fuel flows to throttle position and inlet pressure
recovery. Response to the latter input was included since it represented the
principal interconnecting parameter from the inlet to the engine. The com-
pressor corrected airflow, we , Tresponse was needed since this quantity was the
the principal interconnecting parameter from the engine to the inlet.

Effects of variations in flight condition, i.e. Mach number, M, and
dynamic pressure, q,, on the engine response were also represented. These
quantities were input to the engine simulation at the pressure disturbance
location with the gain functions, Kj»3 and fy(M) based on calculated thrust
changes. The gains were determined from steady-state variations in calculated
thrust due to each input parameter with the other parameter held constant.

The quantity, qy, produces an engine dynamic response which is similar to a
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ptz/pto input since a compressor inlet pressure change occurs in both cases.

Hence, these two inputs were added at the same point for the simulation. How-
ever, the M disturbance produces engine dynamic responses somewhat different
from ptz/pto since it introduces compressor inlet temperature changes. Since

the frequency content of the M disturbance is relatively low in comparison
with the engine dynamics, the representation of the difference in the dynamic
response due to this disturbance from a Ptz/Pto disturbance was not considered

necessary. Hence, the M disturbance was introduced in the same manner as the
pressure disturbances. As previously mentioned, the gains from the gqy and

M inputs were determined from the variatioms in steady-state thrust only.
Hence, although qualitatively the same, the resulting changes in fuel-flow and
burner pressure due to M inputs were somewhat in error. Note, however, that
these engine variables are of less importance than others since they are not
fed back to other portions of the simulation. -

Corrections due to M inputs were also applied to the engine compressor
airflow variable by means of the gain Kj,,. The gain was estimated through
use of a linearization of steady-state compressor operating curves and the
corrected airflow relationship. An additional consideration was that a change
in compressor inlet temperature due to M would result in a slight change in
trimmed rotor speed. This effect was neglected in the rotor speed calculation
but was included in the selection of the gain for the engine airflow calculation.

Once the form of the engine simulation was established, numerical values
of the dynamic coefficients were obtained by matching time histories computed
from this simulation with results computed from a more extensive simulation of
the engine which included nonlinear representations of all major engine com-
ponents. The engine simulation is described in a report by the Pratt & Whitney
Div. of United Aircraft Corp. For a desired nominal operating conditiom,
responses of installed thrust, fuel flow, burner pressure, and rotor speed to
throttle and pressure recovery inputs were used for the comparison.

Numerical Integration Techniques

The methods used for numerical integration of the dynamic equations
previously described are given in this section. In selecting the integration
method to be used for achieving a certain accuracy level, careful attention
must be given to tradeoffs in computational time, levels of complexity in the
method itself, and the maximum allowable size of the integration step. This
tradeoff will also depend on the degree of complexity of the system repre-
sentation including the nonlinear relationships present.

Two basic integration methods, which were intended for use with fixed
step size integration, were applied to different portions of the simulation.
The first was an equation of motion method for integration of a set of first
order differential equations. This method was used to integrate the aircraft
equations of motion. The second method involved the determination of the
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response of linear portions of the system to a step input during each integra-
tion interval and is called the z-transform method. This method was used for
the remaining portions of the system - SAS, inlet, engine, and their controls.

For the equation of motion method, the following second order Adams-
Bashford predictor equation (e.g. ref. 2) was used to obtain the value of the
vector state Y at time tk+1 from known values at times tk and tk-l'

HE Y(t,) * [SY'(tk) - Y'(tk_l)] (1/2) (52)

where the continuous 1lst order differential equation is given by the vector
form

Y = f(t,Y)

The method involved prediction by means of a polynomial curve fit of present
and past values of each state variable to be integrated. While a higher order
integration algorithm involving more past terms in Y' could have been used,
some computational experimentation indicated that an overall improvement

would not be obtained. In order to maintain a certain accuracy level, the
computation interval could not be increased sufficiently to compensate for the
additional time required to compute the higher order form. A basic problem

in using this integration method occurs when a large dynamic range of equations
is present. If the step size selected is too large for the higher frequency
dynamics, the calculation can go unstable since the derivative for the high
frequency equation is assumed constant for too large an increment of time.

One method for improving computational accuracy for the higher frequency
portions of the system is to integrate those equations in closed form with the
assumption of a known input over the integration interval. The z-transfomm
method can be used to find the output of a linear dynamic element to a selected
input over a sampling interval, T. This approach is particularly useful for
a system represented in block diagram form. An example of the application of
the z-transform method to numerical integration is included in reference 3.
Note that the method can still be used for a nonlinear system as long as the
system can be separated into zero memory nonlinearities and linear dynamics.
The simplest form of input to use is a step that is assumed constant over the
integration interval. However, the input actually changes during the interval.
If the value of the input at the beginning of the interval is used for the
entire interval, a time delay is introduced which can result in an unstable
calculation for a system with feedback loops. One way to include the effect
of the changing input, with values known at the beginning and end of the
interval, would be to determine the response of the linear element to a ramp
input. A simpler approach, which was actually used, is to employ the equations
for the step response but to average the input over the sampling interval.

This averaging was done as follows. For locations where the input was

known at both the beginning and end of the sampling interval, the average
value of the input was directly calculated by the following equation.
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Tav ~ % [%(tk) Y r(tk+1)] (53)

This computation was possible for instance when integrating a state with an
input which was previously integrated through use of the equations of motion
method. However, the value of the input at the end of the sampling interval
may not always be available. For instance at feedback junctions, the updated
value of the returned quantity generally is not known. A typical situwation
is shown in sketch (b):

C

- DYNAMICS, f; (s) —I—

r +

. |
' DYNAMICS, fs (s)—] f(c)

Sketch (b)

The input, r, was assumed known up to and including the time, tk+1' States in

the feedback loop dynamics including the output, c, were known only up to the
time ty. In order to average both inputs to f;(s), an estimate of c; for
the interval t, to tk+1 was needed. The following predicted average equation

was used for this situation.

¢, = % [écl(tk) - cl(tk~1)] (54)

av
P

Again it was felt that the use of a higher order prediction equation would not
allow a sufficient increase in sampling time to compensate for the resulting
increased computational time. The predicted coefficient, ) was then com-

av

P

bined with a time averaged r coefficient to form an averaged error input to
f;(s). The integration algorithm was then applied to obtain c£{k+1 . Next
the outputs of the remaining quantities in the loop, f(c) and 2 (s) were com-
puted for the time ty,,. While the procedure could have been iterated further
through use of the quantity, ¢ tk+1), it was not considered necessary. Simi-
lar procedures using input averaging and prediction, where necessary, can be
applied to more general feedback structures, and also to systems of first
order equations.
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For the YF12 simulation, the airframe motion dynamics were expressed in
first order form and integrated by means of the equations of motion method
(eq. 52). All other components, the SAS, inlet, and engine, and their con-
trols, were integrated by the z-transform method with the components in block
diagram form. A subprogram was used to compute z-transform coefficients which
represented responses of first or second order transfer functions to a step
input. Input averaging (eq. (53) and (64)) was included for cases in which
the frequency content of the input was sufficiently high to result in some
variation during the integration interval. The simulation operated in real
time with a step size of 0.02 seconds.

CONCLUDING REMARKS

The simulation was intended for use both for the identification of param-
eters by comparison with flight test results, and for control system studies.
Only preliminary flight measurements of SAS-off Dutch-roll oscillations have
been available and these measurements allow a comparison with only a portion
of the simulation. The flight measurements indicated a reduction in Dutch-roll
damping due to activity of the inlet control system and results from the simu-
lation indicated similar changes. Hence, on the basis of available flight
data, the simulation is felt to exhibit adequate sensitivity to parameter
variations.
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APPENDIX A
REGRESSION ANALYSIS FOR NONLINEAR PRESSURE FUNCTIONS

The requirements for determining the coefficients for the polynomial
expansion for the inlet nonlinear pressure functions are outlined in this
section. The effort involves selecting the form of the expansion and obtaining
a least squares fit of the data for the range of interest. To date these
computations were performed separately although a general program could be
prepared to compute all necessary coefficients in sequence and output them in
a punched card form suitable for use in the 8400 digital computer program.

The necessary mathematical steps are outlined in the following paragraphs.

The polynomial expansions of the pressure variables were obtained from
wind tunnel data which are functions of five independent variables. Two vari-
ables were considered to be primary ones, Wils Gsp: to be fitted with greater

accuracy, and the remaining variables, ¢, B, M, were considered secondary and
were fitted less accurately. Polynomials of prescribed form were fitted to
the data using a least square criterion. A factor to be accounted for in the
curve-fitting process was that the range for which the inlet variables (wic,

8g ) were needed varied with flight condition. A double interpolation of a
portlon of the polynomial coefficients was also required since, in general, the
expansions were made relative to nominal conditions which were different from
the original data conditions.

The compiete polynomial expansion for either the pressure recovery or
signal pressure function, P, was expressed in the following form by the
substitution of equation (36) into equation (34) or (35)

A

inax J
max “max o
Ple. , 0, M) = C..wr &7
w?’ " o ij’i_“sp
o . ¢ c
i=0 J:[)

i
max, -‘max max-:

i=0  j=0 k=1 $
i j '3 (A1)
maxp “max ~max
S \ i .i .2
* 4 4 cljkwl spB
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Note that the expansion is made relative to nominal flight condition of
Oy = Oy s g =0, and M = M,. Also, the incremental angle of attack is defined

a5 @ = Qy - a”o' As previously discussed, provision was made to expand the

inlet variables, w c and ¢ about any convenient average inlet condition.

i sp?
The upper summation limits for each pressure function are given in Table 1.
The procedure for obtaining the coefficients was separated into the following

steps.
The first step was to perform a linear regression for the two primary
variables, Wie and 85p, for values of a,, B, M for which wind tunnel data were

available. Hence, the form of the first summation in equation (Al}, denoted
by Py, was used to determine the regression equation for the unknown coeffi-

cients Cij(“w: B, M).
i j
Pl(aw, 8, M, J) Z Z ¢;5 (2 & M)wic(J)rSsp(J) (A2)
i=0 j<o

where

J=1---N(aw,B,M)

The value, N(g,, B, M), is the number of data points used to determinge
Piloy, B, M) as a function of w;  and 5sp for each constant (uw, g, M

4 < .
condition.

The second step was to interpolate the Cjj coefficients in the o and M
directions to selected nominal values of oy and M. Both linear (using two

values per direction) and quadratic {using three values per direction) inter-
polations were used. The choice depended upon the variations in the coeffi-
cients between data points in the «, and M directions. An available single
direction interpolation program was successively applied as follows.

Cij(?w’ B, M) g Cij(éw’ B, Mo)
C..(cz , 8, M)-?c..(u , B, M)
ijiw ijw,

C..(? , B, M) E C..Qx s B, M )
i\ W, ij\w, 0

where the subscript o refers to the selected nominal value of the M or ay
variable.
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The third step was to perform a linear regression for the primary vari-
ables with each of the secondary variables, a, 8, M, as indicated by the
second, third, and fourth summations in equation (Al). The resulting expan-
cions were made relative to the nominal conditions selected in the previous
interpolation. For instance, for the a variable, the regression equations for
the unknown Cijk coefficients were as follows:

1max Jmax 2

Pz(a, 0, M_, J) =Z Z

ik
C. (awo, 0, Mo)wi el @ @3
720 je0 kel

ijk c

where
oo,
0

The quantity, N(O, Mo)’ is the number of data points used to determine
Pz(a, 0, Mog as a function of Wi ésp, and a.

The function, Pz(a, 0, My, J) was computed from the following equation.

Pz(a, 0, M, J) - Pl(aw, 0, M, J) - pl(awo, 0, M, J) (A4)

The functions, Pl(aw, 0, My, J) and Pl(awo, 0, Mg, J), were determined through

use of the first summation given in equation (Al) and the appropriate Cjj
coefficients. For instance, the equation for Pl(awo, 0, My, J) is

fnax Imax ) )
- z : 2 : i j
Pl(aw , 0, M, J) = C; 5 (aw , 0, Mo)wi (J}SSP(J) (AS)
o} p N 0 C
i=0  j=0

A similar procedure was used to obtain the expansions for the B and M
variables in equation (Al).
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APPENDIX B
SIMULATION PROGRAM LISTING

A listing of the computer program for the representation of the YF12
aircraft motions and propulsion system dynamics is provided in this section.
A list of the principal fortran variables is given in Table 2. Listings of
other subroutines used in the execution of the simulation such as an executive
monitoring program, which provides overall control, and numerical integration
programs are not included.

The subprograms shown in the listing are used in the following sequence.
In subroutine SETUP, the necessary initial quantities are calculated for use
in subsequent portions of the simulation. Each integration step 1is controlled
by subroutine LOOP1. This subroutine calls, in turn, the subroutines for the
various parts of the simulation - INLET, ENGINE, CONTRL (SAS), and AIRFRM.
In each of these subroutines, the necessary constants for the dynamic equations
are calculated and calls are made to the appropriate integration subroutines
when needed. Brief descriptions of several additional subroutines which are
called in the listing are as follows.

ZXFORM - This subroutine calculates the coefficients to be used in the
z-transform integration as a function of transfer function coefficients and
integration interval.

XFERDA - This subroutine is used in scaling, biasing, and time multi-
plexing signals to be output to analog recorders.

MGRATE - This subroutine is the initialization portion of the equation of
motion integration method. The number of variables to be integrated, order of
integration, and step size are established.

GRATON - This subroutine computes and stores results for an integration
interval for the equations-of-motion integration method.

ARDC62 - This subroutine is a tabulation of density and speed of sound
versus altitude for the 1962 ARDC atmosphere.

VALIMT - This function supplies limits for an indicated variable.

The computer listing for the aircraft equations is as follows.
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DSU7 ={CLPES=CNREBS)«SALFAZ+LALFAZ

CNB  uCNBS+CALFAZ+CLBSeSALFAZ

LS  aCLYSHCALFAZ=CNBSeSALFAL

CNRE  aCLPBSeSALFZ2+CNRBSeCALFZI2+4D5US
CLPEB ==CNPHSwSALFZ2+CLRAS*CALFZ2+N8Y7
CNPB  a~CLRES*SALFZ2+CHPOS+CALFZ2+4N517
CLPB =CNR3S+S5ALFZ2+CLPES*CALFZ2=D3U6
CHNDR  2CNDRECALFAZ4CLDRS#SALFAT

CLDR  #CLORS*CALFAZwCNNRSeSALFAZ

CNDA  aCNDAS«CALFAZ+CLNAS*SALFAZ

CLDA SCLEAS#*EALFAZ=CNDASSSALFAZ

CNDEP aCNDBPS«CALFAZ+CLERPS«SALFAZ
CLUBP =CLDBPS#CALFAZ=CNEAPSeSALFAZ
CNNSP =CHDSPSeCALFAZ#CLISPSeSALFAZ
CLOSP =CLTSP3RCALFAZ=CNDSPSeSALFAZ

Z-TRANSFERM SETUP

GNLt]Y =TIA/TI2=0,
FRI(1) =1,/T712

GNL(2) =1,/7]%
Fri{2) =1,/711

GN1(3) =f{,/TED
FRI{3Z) =1, /TED

GN’{" w] /TE}
FR1ia) =1,/TE1
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156 GNIIS) o4 ./7E4

197 FrRI4S) =t ,./FEA

156 c

13¢ GHiia) oy, /TEDYL

180 PRLLEY °1./TEDI

161 c

182 GNiL7} OTENZ/TED2=4,
163 FRI{7} of,/TED2

164 ¢

165 GH1iBY ScUKPRP/ATCY
156 FRI(B) of,/79C)

167 t

1648 GNile) oRKORaTCNI/TCDY
169 FRi(?) =] ,/7CTY

170 c

171 BNL1I0)ITHKDO/TEDY
172 FRIT1O)o1,./TER)

173 ¢

174 EHICLIYaXKOZ2e ()., ~TENZ/TEN28)/ITCD2I=TEN22)
175 FRit11)oi./77CD21
176 [

177 BHI(12YoYHO20 (TCN2/TEDR22m )/ 1TCD21=T7ED22)
178 FRi{12)a),/7CD22
179 ¢

180 GNi{13)0YKRR

15l FR1I{§3921,/TENS

182 c

183 GRItISIOARRNATCR
184 FRitid)ms ,FTE2

tas c

188 GHLE{DYng . /7IDA

£67 FRI{(4BYay, , /TIDA

1808 c

189 GNLT{GYe) /T71DB

190 FRII16Y=1,/710B

igl c

192 IR LY A RS

193 FRIL{FYe]  7T7IDR

194 [+

195 GN211) BUNSPoUNSP
196 AZNBLLIIr2, e FSPalNGP
197 B2WE(1YouNSPOUNSP
198 c

199 CH2{z} “WNAeWNA

200 AZND(Z)n2, 0T AaRNA
201 B2ND{2) sHNASHNA

ap2 C

203 GN2{3) oyNEoWNE

204 ASNDII}n2, « ZE o NE
20% B2AND{3) aUNE oWNE

206 c

207 GN2(4) aUNROWNR

208 A2NDt4 )22, 0 ZReLNR
209 B2ND(4)aWNReHNR

210 c

211 ¢

212 CALL ZXFBRMINUMILGNEoFRILZE1,E1T1NUMR, [REI04N2, 42N, AaNT,
253 1 Ze21a2022,702152122,7T)
2i4 c

215 RETURN

216 c

217 END
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s Cda 2546

4, G5A #6553
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bs G172 oGt70
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COMMAON 7RLK1Y/ ALFAZ
1. THET? +DEZ

2. THE]C »PS11C
3» TCOSPIE)Y LDSPICE2)
42 TCRPHIE) LARPMICIE)
5, TCHT AR 21, WFARIG I
Ga PSALIC 2 ICQ545
T LEY R R 2REAZIC
- PEIC SETIC
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L1007
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s VB
»THETP
«SETA
2ANZ
sCLBR
SENTISP
2E27
#2725
S DQCAR

SCal
200
»CLFTMSP
sCHEEN
P XHT
208
20M4RE
»CLAYFE
+ONTIAS

» XK00
»TCNY
s WA
T
PRl
£TID7

+G1l0
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+ G50
2GitA
$GLLG
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2GLEF
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»FP3IR »PHI
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+LDE LLMTNP
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2 ¥KN2 s XKER
+TC™ e TCND
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2712 2714
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2610 2 GET
2 G2F $G2F
2L a7t
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+1GhRA 26T
e 2620
258K #5131
269C 2697
#GLIE GBI
$G124 £ G12R
oG YAE 2G14F
PEL1EA 26187
20160 014
+G1AR +E190
G200
SINLILTY  LZ711017)
21822104y LZI?10&)
+05P7 sWICT
+GBIC 2RRIN

2TETAIC 2ALFAIC

SNERDTCITV,ICTEP() LD3°10¢(2)

sICaJ(Y

SO54310
P Ran it
2 10TR
FEYS

AAJICA2Y  LAJTICIEY

S 1CHFPEI2)  WFRRIC (21, 100548

2 IZFEAS FLET RS
PRI »DA31C
»ORIC +DRTIC

2 NOT

Y]

« THET
sALFAR
+CLDR
LCNDA
SOELTAR
2PT2Z
2RPMMED)

+CLAL
£2DDS®
PLE
2XXT
2NIYY
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# 7T
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S
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INPUT S{GNALS
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RAMPLA {1 )mSLOPLA({I)eTINE
TF IRAMPLA{TI.GT PLALMTITN) DAMPLATT ) ePLALTIT)
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(2]

1o

RPMH{T)  =0.0
aJetr) 20,0
CanTINUE

CaLk INLEY
CALEL ENGINE
CALL CaNTRL

CALL ATRERM

CALL XFERDA{IMBDE, [4&FI0,0)

IF (IMIDE,GT,0) TIMEaTIHE«DT

RETURN

EWD
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CRUTPIT) =0§P(])=DSPY
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161 [
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163 C
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irs BRP2(Ty=2n8 {1 )+DBP2{L}+ZT1 011 *XED¢T}

176 c
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178 t
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180 c
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185 o
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188 [

189 G170 miGI7A+GITRECNSPII I 4GI7EDHIC(T ) ol
190 c

191 PT201)}=G1401)+GI5(I1+616(T)+G1T(TY

192 C
o193 PYOS(I)=PTI4PT2({[1+PT2Z+5)%

194 c
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197 c
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201 GO Tn 114

202 112 TF{GLIO*DGLLl-GLlGeTY+GltiE+G20) 113,103.115
203 113 GLIe1)=6)11A

204 114 DGY3I=Ci0(1}=G11E -

208 1IF {DG§3,GE,0.0) G11iTIsGLI(])+G1LC#0G13
208 c

207 GLICLInXKI18eTISP(T DMK

208 DMICUL I InGLIC)+GL24G13¢ = XKT 15N

209 DHE (LI =DWICT T Y=DWICUIT)

218 IF {DRCIT)) 135.115,118

211 115 G18{1)e0,0

212 8 Ta t00O0

213 116 GBI =Gl AA*DNCIT)+GISRRSIN(GLACHDUN(])})
214 c

213 1000 CONTINUE

216 [¥

217 2 RETURN

218 C

219 END
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2,50 (RPHP (T }eRPHIT)

RPHMP (1Yo, 5o (F,oRPHMIT )=REMHPI] )

AJIt D YeXKESa (RPHMP LT ) =RPuE{] )}

RPHP(I) aRPM{I)
REMMP {1 ) aRPHME )
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84
.1
86
a7
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AQ
90
1
92
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96
97
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949
100
191
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104
105
106
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108
109
110
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113
114
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129

c
11

c

c
tz2

¢

c
13

¢
21

t

c
22

c
23

c

£

c

c
i

c

o
12

c
13

c
1000

c
2000

c

IF (IMeDEy 11,2000.32
IF (1CAJ(1),ED.Q) GO T8 12

431 =AJIC(IL)

AJOUTL Y uAd (] )=AJC(]} :
4J201) &TENZ#AJI{I)=TEDSe(AIDIC(ymatentertT))
AJII1Y waJBUT{[)=AJS2{1)

Ge Ty 13

AJIITY =aJL{TY+ATI(1)eDT

A1) w2elI7YeAT2{I)4TILI704AJIUL])
AJOUTITI}maJ T oAT2{1)}

ATeTymatouT(ir+alC(I)

WFBHI () sXKEIS*PTA{I}mAKEL4ePoR{T)
WFPBIP{])u,Se{RFPE] (T} +aFPE[3{1]))

1F (IMBDE) 21.2000,22
1F (ICWFBE([]),EQ,2) G& TA 22

WFPB{I)jewrrPRIC (1)
Ge Te 22

WFPB{TIRZOL(8)«wFPR(T)+I11{AY«IFPRIP(T)
WFPBIP(I)=uFPPTIIL)

PLAP{I)e Sw ({3, «PLA{])="LARP(])?
PYAP(I)=,Sw{PY4{]}erTa®{ )}

WEART L1 Y=YKELY*PLAP{I ]+ YKF L 3«FTiP( 1]

PLAP(LmpLAC(]Y
PT4AP(T)wmT4t])

IF (IMaBE} 31,2000,72
1F (f1CWFAS(1),EG,C) =~ Ta T2

WEABL I Y=wFAEIC (L)
Ge T& 33

WEABTTYSZRE (3)wilr Al )+ {31 avFART(])
lei-xnelethAE(|l-x¥E7oAJt114wKF?0-Pf4f[!trkFlFtwrﬂatll
CONTINGE

RE TURN

END
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c FITLE eSNTRL
SUBRGUTINE CONTRL
CoMHEN /LKl / IMSDE 2107 s ITIMES 20T 2MnT
io TIME o029 212
c
CHMMEN /FRILKZ / UB VR FLL] PR 2023
§a %] SPHIR p THETR #PSIR sPHT s THET
2s P51 2 OM oRETA 2 A F A JBETAR 2 ALFAR
Ja AT o ANY 2 ANT »CLP +OLTA #CLDR
4a ¢ Dap 2CLDSP JCLRE 20LPR JONP 2CHDA
5, cNDR +CNDR® ,CHNSP MLl sCuEn sDELTAR
Bos DFLTAE +DELTAR WG2T «RF7 2PST #5127
72 BgP(2) s IBP{2) JPT2RU21  WFLAI?) NALEES N IIHEEY
8o Ti2) JHECLE™Y  ,DRIAR
C
CaMMEN fRLKA4 /7 P3ASL 2P5A5L o 25A5L) »958488L PR3]V
1- QB[L 2R5A5H +FEASL
c
COMHAN JBLKLO/ GHE{17)  LFPL(I™)  Simi{l17t 711017} LGHR{4)
1 AZNELAY) L9247 {2) L2228 04) LTe22(2) L712flay ,7p2212)
c
CANMAEN /BLKELZ ALFAZ PALFATR sTaP7 PYCS dnid »MIPT
1o THETZ +DEZ #PRIC shnIn JRIIC sPHIIE
2o THEIC «P5I1cC PR A HEETAIC 2BLFATE s 6LTIC
Ja 15085(2) LDSPIC{2) L,D8eNTA(RI,ICTE®a) LDRP1712) L2EPRI0 ()
by TCEPMIZ) LBPMICIR) LI0A2ERY  LAJIC(2Y LAJPIZ3 agentoey
Ta TEWE AR (DY, WF s AL JL TP 2, p ORI£ {2}, INTGAS SFRASTE
g, PSATIC 21LA5a8 a78astn »10FSAS PLEY S I SFSATTRE
7a RSALIC aRBADTIN s ICDA »Salc «DATIC «14LDE
a, DFlC SRENIC 100" 2LRTC JORTIS Y
9s R 2 AME ~ALT?
o
Cave NOTE oow
C
C REFFR T3 RBUTINE UTILTY Fa8 EXPLANATION &F Val| MY
C
Tate
c
C Rell sAs
c
PRpEG =PA/D2R
PAIECFe 58 ({1, +PENERLPINEGP)
c
IF {IMRUF) 1.100.2
IF ({CPSAS.EQ,.0) G T 2
c
PEAS=PSASLC
PRUT=PSAS
8 T8 I
o
PaUTaZni(8)<PaUT+ZLI L (&) sPBIEGP
e
PSASaVALLMTIPBUT,PSASUPSASL)
c
3 PENEGP=PHTEG
£
C PITCH 548 ( N& IC PRBYIDET )
[
DHEDES =298/N2F
B612] ».5%(3.+2BDEGABRTELP)
ORNEGP=ARTER
0RIA] =VALLMTIARI2T,9B11.081L}
C
QFUTY =281(0)1eq8UTE+EN1EPI = (1R 12]=0F121P)
QR1Z21F=@E{21
[
RAUT2 cZH1(10)cREUTI+EI1(10)»RRE2]
€
BEUTS =ZE1{11)eGouUTI+Z1{}]1)+01 4]
c
GBUTA =Z01(12)230UTE+Z1E{12)e0aT4]
[
BRUTeRRUT 1 +RRUT2+R8UTI+0R1ITY
c
ASAS=YALLMTIQBUT, 345U, 65451}
[
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ve € Yaw Si5

79 c

a0 AADEG =RP/T2R

L} LB m.54(3,#RIDEGRBDEGP)
82 RENEGP=RIDEG

83 [

84 ANYPa, 5o (3 #ANY=ANYP)
as [

as IF {IMBDS)Y 21,100,22

a7 21 TF {ICRSAS.Fa,P) S& T 23
a8 C

a9 R3AS oaRrSALIC+PSA2IC

90 RRTI=FSALIC

91 FAUT 2oL A2 1L

92 58 Ta 23

23 [

94 22 ROUTI=TC1(13)+R0UTL 46N (1T tRITaRA]R)
9% RALUT2wZL1{14)eRBUTR 2] 1118} 0 ANYP
96 ROUT =RayUT1+RANT2

97 [

28 REASEVALLMTIRBUT,P5AS5U.REASL)
-1 c

100 23 RATPsRAI]

101 ANYPaitY

102 [

103 € AJLERAN ANGLE

104 [

105 DAY =,5s{PSASP+RSAS)
106 SSASP=RSAR

107 [#

ine IF tIMaDEY 3, 1700,.32
109 3t 1 LICDA,FO.0) S Ta T2
1§40 c

1 PE_TAA=DALC

112 DASPP =mDELTAA=DADICNT
113 RATP  afisse®82DiCanT
114 A Te 1]

115 [

116 32 DELTAAZAl ) (2)wDAOP TR Z(2) o NA PP 4TI (P} DAT+TIP2( 2 o IAlP
117 c

118 DASPR=DARE

119 NP wdAf

120 c

12% I3 DASPaDELTARA

122 c

123 € ELEVATOR ANGLE

124 c

125 DE} =, Se(QSASP+2545)
126 QSASPaQSAS

127 t

128 IF (IMADE) 41,100,42
129 41 1F UICDE.ED,0) G& To 42
130 ¢

131 DELTAE=DFIC

132 DESPP aDELTAE=DEDICDT
133 GO Ty 43

134 [

135 42 DELTAE=ZA2t (31 eDERP+ 7022310800712 121 14712213 1DF [P
136 [

137 NESPPanERP

118 c

139 43 DFAP=DELTAE

14 NE1P=RE]

141 [

142 DETL=DELTAE+DEZ

143 c

144 C RUDDER ANGLE

145 4

fas DRI =,5#[RSASP4RSAS)
147 RSASP=PRSAS

148 [

149 IF CIMADE) 1,100,552
150 51 IF (ICDR,ED,O) GN TR 52
8-31 [+ :

152 BELTAR=DRIC

153 OREPP =DFE{ TAR<DORDICSDT
154 PRIF mRSAS=RSADICeDT
15% GB T4 5™

41



186 C
157 %2 DELTAR=ZA2L (A)+DROPHTOZ2{4)=DFaPP4T]121(4)1+DRI27122(4)DRIP
1] .

139 DRgPPanRgP
140 DRIP aDR|
1al c

142 33 DRAP=DELTAR
163 c

14 100 RETURN

165 €

148 END
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TITLE AIRFRY

SURRAUTINE AIRFRM

CAHMAN /BLX1 / IMODE + 107 a1TINES 0T SNOT
1 TIME L02P s 1D

CAOMHON /uLK2 / uB V3 kB P2 £09
1. ng JPHIR + YHETP PSR 2PHT +THET
2 Psl 2 IM +BEFT4 SALFA SBETAT SALFAR
h ALY » ANY s ANT #CLE SCLTA SCLDP
4a ciLbae +CLTS® 2CLER +CLAR S ONE 2 ONDA
Se [} +CNDEP 2CNTSP »LNRR s CNPR 2TELTAA
6. DELTAE JDELTAR 2527 2677 $BET $PT2?
7 DRy 2) 2OBP (M ABTIRI2)  LPLU2) PY RIS LRFMY(N)
3, T2y LHECT(2Y  LDanss

COMMAN /RLX3 / C22 a0 Nl ¥ L7 SNLAL
1. 4z JCMAL alMAD 20TE s0z30 Na3sl12 3
2a CLFOE 2CLEDYP aCIFDSD $CLFCE MLy o V7
3 bREL s XHASS 2CHpRD sSPAYN G AT
4, XTT 2XLT SYMT S YNT PYIYY SXIYY
Se X1z SXINT AL SC¥TF SOY73 PRLAP
Ha CHAD ,C"!Oq M atiiniy AL T 0L 2CLPAS
7. CLRRS SLLDAS sCLTEE SCLDEPS  LELTSPS LLNBS
B, CHyPas 2LNRRS LOHRAS JOUTRS JOuTnes LJENDSPR
COUMBN /OiKil/ ALFAZ shLFaFo  ,Tgov aWITT »EPT
1s THET? »DEZ P15 144 sROIC PLIE R o
2s THEIL W.P511C ST SFETATS  SALFAIL  LALTIC
1. IC088(2) L0501 2(2) LNSEVIRIZ)LIANER (Y LNt it(3) L,MMPI1L ()
4, ICRAMEZ) LRPMICI?Y S ICAJIDY  LAaTIRiT) LAJTES(D) LaJenindy)
Sa TCRFAR (2, WF AR IGID)  JOUFP (), wrPRIa T, 112325 ,P5481"
Sa PSATIE  LICRS5A% TS slreaar SREARTIF XY 0l
7. PSALIC  SARAZIC L1CTA SIAIN L0870 S1C0E
L OFlc SDEDIC 1CN= sTRIC Snerie 2 ¥P
e IR 2 AMD sALTZ

DIMENSTAN BUFFER{ED)

DATA NyAR/10/, INTORD/Z/

tF (IMaDF) 1,100.2

[HTELGATION ROUTINE SETUP

1 CALL MGRATE(NVAR,DT,BUFFER, [NT*PT, TIMF E DR}

CALL AIPCHE2(ALTZ,S5P 8N, BHA)
ABARZ a ,SwRFOvYZIeVE

BUAN]L aG3ARZ*AREA/XMASS
QUAN2 =ALFAZRwVZ

CUANT =SEpAN/(2,.0V7)
DUANG =Q3ARZ=OUANT
OUANS =ASEA#SPAN/X [ xX
QUANS =APEARSSPAN/Y]T7
QUAMY =AREASCHBRD/XLYY
RUANS =CHRRD/t2.+VT)
GUANG =0RART+OUANA
QUANLO=UANE/VTZ
QUAN] 2 aX I ZT/XT XX
DUANL2aXIXZ/XJZ1
BUANYJml ,=wDUAN]T o0 NE2
QUANLd=2 aT5P7

ALFA? =A FAZReaALFATR

CDAZ mCOZeCDAL«ALFATRoCOA244LFA2
CLAZ aCLZ#lLA=ALFAZR

CHMAZ =CHZ#CMAsALFAZRMLMAZWALT A2
XZaQUANE#CHAZ=QUAN] eCLAZ# ALFAYR
TIuCBUANT «CLAZ QAR L wCIAZ#ALF AT
GUANL7 =03 ART&CHAZ

Ge Ty 3
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80

88

az

33

84

45

86

a7

a8

5%

30

2l

o2

93

94

a5

L]

97

94

39
sl
ol
tg2
103
104
103
106
107
108
io0%
1L0
11t
1i12
1313
ii4
ils
146
317
118
119
120
121
122
123
124
123
126
taz
128
129
136
131
132
133
134
13%
136
137
38
139
140
141
142
143
144
145
14¢
147
146
149
150
151
152
153
154
158

o000

(a2l

OG0 RO oD

(g Na]

OO

INTEERATION

2 CALL GRATEN{BUFFER,URD,UR,VSD, VR HAD , WB, PR, PE,N0D, 00, RED,RA
to PHIDPHIR - THED s THE TR, PSTN,PSTE, AL TN ALT)

PHY ©PHiR/D2R
YHEY oFHETR/D2R
PSf oBS{R/M2R

TH= (IB/988,
BETARSYD/VE
BETA o3ETAR/DZR
ALFARSWR sy Y
ALFA =ALFAR/N2R

3 SPHI  =SINIPHIR)
THETTLeTHETZTHET
DELALToAL T=4LTTF

CALL ARDCAZ(ALT, 8PS, mHR)
ABAR =,Se+FHRe{vIollgioe?
FQBAR =03AR=QBARZ

AWRPR cALFAZRsALFAP

AUANIS=NRARCAREA/X MASS
ARRPRZEANRPR« AHRPR

CEARCDZ4ChALeaHRPROLIAD O AWRRPPD
CLARCLZeCL AL e AWRPR
CMABCHZCCHAL @ ARRPR4CHMAZ e ANREP 2

SYMMETRIC CUANT]TIES
NBPS=NRR( 1) +DRP (2]
DSeSaT5P 1)+ NSP {2 ~TilANL L
TS =Tilrse¥{2y
ASYMMETRIZ DUANTITIES
NERASBAP({ )=D3P (21
DSPADDSP I )=D5P L2}
YA =T{l)=T(2)
DRAG AND LIFT IN WIMD AYES
DRAG =OUANLSe{CPA+CDDE+DEL TAF+SDTRPaDOPS+CDNSPaDSPS Y
L IFPeQUANISa (CLA4C AT DEL TAT «CLFNEpeNlp s +LLFItP e DgRe
1 +QUANE=CLFQBepR)
ACCELERATIONS IN BEDY AXES
A aXZABoTIRAGHYL IFTwANRER

A2nQUANL e (CYB«BETASCYDReNELPARSNUANTSCYRERRE)
A3uZ247BaLRAGRAWPPRXLIET

AemDUANB e {OBARS {GLReSETACCLARTALFA+PETA+C, A IELTAA+C) NReDELTAR

1 #CLDAP=DRPASLLTSPo AR A} +RIAN A (N PP aRE+CLFRenR] )
AGmBUANAS {OBARG {CNBeBETASONNACDELTAALCHAR«DELTAF «CNDAP«TRPA
I CCNDSPADSPAY+QUAN A2 {CHPREPRACHPR AT}
QUANIE=AS4XNTTA

BUANL Aoy FeRBoBaSPHT +QUAND aD

LUBDOA] ~QUaNZeQB=5¢THETR 6 XK Tu TS
VEMaAZ+CUANLA
WOTDRARGVZ e dE+XETa TS

AT SQUAN7 & (QUANLOOCMADeWRD &I IANGaCHE e NEarUANLI7+ 1B 4R (CMA
{ CCHREADELTAE #CHRR 2 "IPSY Y $ XD

PRYALA4SOUANT LaMIANLBIXLTaTa) FOUANLD

QBD@AS+¥MYe TS

RRANDSQUAN{2 220N+ Q18416

ANGLE RATFS £F CHaANGE
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156 LOR L]

{157 YTHF D=
158 PSIDeR3

159 c

16C C 4 TITUDE =ATE

164 4

i1s2 ALTNaVZeTHETT o N2 F wyB* PR [PuyPwiiaND
182 [

164 C Ny AND 47 PFR 6

16% c

166 ANY = [VIN=QUAYTA+dd , #RAT) /G

167 C

168 ANZ={ARD=YZa(a) /G

14¢ c

ire 120 RETUGK

171 c

172 END
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TABLE 1.— LIMITS FOR INLET PRESSURE FUNCTIONS

i j k
max “max _max Co
f(w.,a ,x)= C.. wr 6 X
i’ “sp ijk7i_sp
i=0 j=0 k=1
Pressure Functions | i | J.. max
f (fi s 63 ) 1 1 ===
a\'i’ “sp
£ (w , 6, a) 1 1 2
a\'i Sp
c
£ (w'. 6, a) 1 1 2
b\'i sp
c
f (#. , 6, B) 1 1 2
al'i sp
[
fb(wi ’ 6sp’ B‘) 2 ' ?
[
£ (w. , M) 1 .- 1
a lc
o) | | |
Cc
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TABLE 2.— LIST OF FORTRAN QUANTITIES

Airframe
Quantity Fortran Units Description
u UBD m/sec? |Forward acceleration
v VBD m/sec? |Right acceleration
W WRD n/sec® |Vertical acceleration
u UB n/sec? | Forward velocity
v VB m/sec? [ Lateral velocity
W WB n/sec? | Vertical velocity
P PBD rad/sec® | Roll angular acceleration
q QBD rad/sec? |Pitch angular acceleration
T RBD rad/sec® | Yaw angular acceleration
P P8 rad/sec Roll angular velocity
q QB rad/sec Pitch angular velocity
T RB rad/sec Yaw angular velocity
p(o) PBIC deg/sec Roll angular velocity, I.C.
q(o) QBIC deg/sec Pitch angular velocity, I.C.
r(0) RBIC deg/sec Yaw angular velocity, I.C.
b PHID rad/sec Roll rate
8 THED rad/sec Pitch rate
¥ PSID rad/sec Yaw rate
¢ PHIR Tad Roll angle
A8 THETR rad Pitch angle
¥ PSIR rad Yaw angle
¢ PHI deg Roll angle
AB THET deg Pitch angle
P PSI deg Yaw angle
8g THETZ deg Pitch angle, reference condition
8 THETTL deg Total pitch angle
sin ¢ SPHI ND Sine of roll angle
(o) PHIIC deg Roll angle, I.C.
A8(o) THEIC deg Pitch angle, I.C.
V(o) PSIIC dgg Yaw angle, I.C.




TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

Airframe
Quantity Fortran Units Description
AM DM ND Mzch number increment
AM(o) DMIC ND Mach number increment, I.C.
B BETA deg Sideslip angle
a ALFA deg Angle of attack
B BETAR rad Sideslip angle
a ALFAR rad Angle of attack
B (o) BETAIC deg Sideslip angle, I.C.
a(o) ALFAIC deg Angle of attack, I.C.
S, ALFAZ deg Angle of attack, reference condition
Sy ALFAZR rad Angle of attack, ref. condition
h ALTD m/sec Altitude rate
h ALT m Altitude
h{o) ALTIC m Altitude, I.C.

/180 D2R rad/deg Conversion factor, degrees to radians
Gbps DBPS cm Symmetric inlet bypass actuator pos.
GSPS DSPS cm Symmetric inlet spike position
St TS ND Incremental symmetric engine thrust
SbPa DBPA cm Antisymmetric inlet bypass actuator

position

Sspa DSPA cm Antisymmetric inlet spike position

6ta TA ND Antisymmetric engine thrust

CD(cJ CDA ND Drag coefficient

CL(a) CLA ND Lift coefficient

Cm(a) CMA ND Pitching moment coefficient

CD(O) CDAZ ND Drag coefficient, I.C.

CL(o) CLAZ ND Lift coefficient, I.C.

Cm(o) CMAZ ND Pitching moment coefficient, I.C.
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TABLE 2.-- LIST OF FORTRAN QUANTITIES - Continued

Airframe
Quantity Fortran Units Description

ch cDz ND Zero order temm in CD(a]
CDa CDAl i/rad First order term in CD(u]
Cp,2 CDA2 1/rad? Second order term in CD(a)
CLg CLZ ND Zero order term in CL(a)
CLa CLAl 1/rad First order term in CL(a)
Cmf CMZ ND Zero order term in Cm(a)
Cm,, CMA1 1/rad First order term in Cm(a)
Cmaz CMA2 1/rad? Second order term in Cm(a]
D/m DRAG n/sec? Drag in stability axés
L/m XLIFT m/sec? Lift in stability axes
Cgée CDDE 1/deg Aerodynamic derivative
CDGbp CDDBP 1/cm Aerodynamic derivative
Cnﬁsp CDDSP 1/cm Aerodynamic derivative
CLGe CLFDE ljdeg Aerodynamic derivative
CLébp CLFDBP 1/cm Aerodynamic derivative
CLasp CLFDSP 1/cm Aerodynamic derivative
CLq CLFQB 1/rad Aerodynamic derivative
a, QBAR N/m? Dynamic pressure
Aq, DQBAR N/m? Aq, = q, - qvo
v, QBARZ N/m? Dynamic pressure, reference cond.
v VZ m/sec Initial forward velocity
S AREA m? Wing area

m XMASS kg Mass of vehicle

c CHORD m Mean aerodynamic chord
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

Airframe
Quantity Fortran lnits Description

b SPAN m Wing span

o RHO kg/m3 Air density .

g G m/sec? | Acceleration due to gravity

X, Xz m/sec? | Forward acceleration calculated for
ref. cond.

Zg ZZ m/sec? | Downward acceleration calculated for
ref. cond.

Xp XB m/sec? | Biased quantity for forward
acceleration

Zp ZB m/sec? | Biased quantity for downward
acceleration

Mp XMB' rad/sec? | Biased quantity for pitching angular
acceleration

X8 XXT m/sec? | Forward acceleration due to thrust

Zsy X2T m/sec? | Downward accel. due to thrust

Ls XLT rad/sec? | Rolling acceleration due to thrust

Ms, XMT rad/sec? | Pitching acceleration due to thrust

Nat XNT rad/sec? | Yawing acceleration due to thrust

Iex XIXX kg m? Rolling moment of inertia

Iyy XIYY kg m? Pitching moment of inertia

I,, X122 kg m? Yawing moment of inertia

Iy XIXZ kg m? Product of inertia

CYB CYB 1/deg Aerodynamic derivative

Cys CYDR 1/deg Aerodynamic derivative

T ]

Cyr CYRB 1/rad Aerodynamic derivative

CQB CLB 1/deg Aerodynamic derivative

Cﬂas CLAB 1/deg? | Aerodynamic derivative

Cgaa CLDA i/deg Aerodynamic derivative
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TABLE 2.— LISI OF FORTRAN QUANTITIES - Continued

Airframe
Quantity Fortran Units Description

Cgér CLDR 1/deg Aerodynamic derivative
Cgabp CLDBP 1/cm Aerodynamic derivative
Czdsp CLDSP 1/cm Aerodynamic derivative
Cgr CLRB 1/rad Aerodynamic derivative
Cgp CLPB 1/rad Aerodynamic derivative
Cn, (MAD 1/rad Aerodynamic derivative
Cmq CMQB 1/rad Aerodynamic derivative
Cm(se CMDE 1/deg Aerodynamic derivative
Cmsbp CMDBP 1/cm Aerodynamic derivative
CnB CNB 1/deg Aerodynamic derivative
Cn'SEL CNDA 1/deg Aerodynamic derivative
Cnar CNDR 1/deg Aerodynamic derivative
Cnﬁbp CNDBP 1/em Aerodynamic derivative

65p CNDSP 1/cm Aerodynamic derivative
C“r CNRB 1/rad Aercdynamic derivative
Cnp CNPB 1/rad Aerodynamic derivative
CQB CLBS 1/deg Aerodynamic derivative
Czp CLPBS 1/rad Aerodynamic derivative
Cir CLRBS 1/rad Agrodynamic derivative
Czda CLDAS 1/deg Aerodynamic derivative
Ciar CLDRS 1/deg Aerodynamic derivative
Ci5bp CLDBPS 1/cm Aerodynamic derivative

52
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

Airframe
Quantity Fortran Units Description
Coy CLDSPS 1/em | Aerodynamic derivative
. 5P
C;B CNBS 1/deg |Aerodynamic derivative
Cﬁp CNPBS 1/rad |]Aerodynamic derivative
Cir CNRBS 1/rad | Aerodynamic derivative
Ciﬁa CNDAS 1/deg |Aerodynamic derivative
Ciar CNDRS 1/deg | Aerodynamic derivative
c CNDBPS 1/cm Aerodynamic derivative
Cia CNDSPS 1/cm Aerodynamic derivative
Sp
oS tyy CALFAZ ND
sin Oy SALFAZ ND
cos? oy CALFZ2 ND
sin? oy SALFZ2 ND
n, ANZ g Normal acceleration
DT sec Frame time
SAS Control
Psas PSAS deg Roll SAS
T'sas RSAS deg Yaw SAS
84 DELTAA deg Aileron angle
Adg DELTAE deg Elevator angle
Sy DELTAR deg Rudder angle
8a DETL deg Total elevator angle
kpp XKPP sec SAS gain
Psas (U.L.) PSASU deg Psas upper limit
Psas (L.L.) PSASL deg Pgas lower limit
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

SAS Control
Quantity Fortran Units Description
kqq XKQQ sec SAS gain
qu XKQ2 sec SAS gain
Qs as (U.L.) QSASU ~deg Total qgga¢ upper limit
Gsag (L.L.) QSASL deg Total qgag lower limit
dsasy (U.L.) QBIU deg Lagged qgas upper limit
dsas, (L.L.) QBILL deg Lagged qg,5 lower limit
ker XKRR sec SAS gain
Kym XKRN deg/g SAS gain
ny, ANY g Lateral acceleration at nose
Tgas (U.L.) RSASU deg Tggg upper limit
rsas (L.L.) RSASL deg Tgae lower limit
Tp1 TC1 sec Time constant
Ty TC2 sec Time constant
qu TCN1 sec Time constant
qu TCD1 sec Time constant
qu TCN2 sec Time constant
Tqa TCD21 sec Time constant
Tqu TCD22 sec Time constant
Ty TCN3 sec Time constant
P PBDEG deg/sec Roll angular velocity
q QBDEG deg/sec Pitch angular velocity
T RBDEG deg/sec Yaw angular velocity
Wn, WNA rad/sec Undamped natural frequency for
aileron servo
Pa ZA ND Damping ratio of aileron servo
Wng WHE rad/sec | Undamped natural frequency for
elevon servo
Pe ZE ND Damping ratio of elevon servo
Wn,. WNR rad/sec Undamped natural frequency for
rudder servo
Py ZR ND Damping ratio of rudder servo
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TABLE 2.— LIST

OF FORTRAN QUANTITIES - Continued

SAS Control

Quantity Fortran Units Description
Psas (0] PSASIC deg/sec I.C. for pgas
qgas (0) QSASIC deg/sec I.C. for qg,¢
§,4(0) DAIC deg I.C. for aileron
§gl0) DBIC deg I.C. for elevon
¢, (0) DRIC deg I.C. for rudder
da(0) DEZ deg Reference condition for elevon
Psas (0) PSADIC deg/sec? | 1.C. for pgys rate
Tg,s(0) PSADIC deg/sec® | I.C. for rg,s rate
&a(o) DADIC deg/sec I.C. for aileron rate
ée(o) DEDIC deg/sec I.C. for elevon rate
Sr(o) DRDIC deg/sec I.C. for rudder rate
rsasl(o) RSAIIC deg I.C. for first part of rg,, equation
rsasz(o) RSA2IC deg I.C. for second part of rg,; equation
Inlet
AMp DMT ND Measured increment of Mach number
% ALFAT deg Measured angle of attack
Bm BETAT deg Measured sideslip angle
Gspo DSPZ cm Reference condition for inlet spike
wico WICZ 1b/sec Ref. condi;ion for inlet airflow
(ps/ptm)o PSZ ND Compensation for signal pressure at
reference condition
(pt /pto)o PT2Z ND Compensation for pressure recovery at
reference condition
(ps/ptm)c PSC ND Command signal for bypass control
Ssp DSP cm Inlet spike position
ps/pto PS ND Bypass signal pressure
Adpp DBP cm Bypass actuator position
Sbp DBPR cm Total bypass actuator position
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

inlet
Quantity Fortran Units Description
ﬁbpo DRPZ cm Ref. condition for bypass actuator
Awj DWIC kg/sec Inlet airflow
ptzfpto PT2 ND Inlet pressure recovery
A(Ptzfpto) PT25 ND Incremental pressure recovery
f(pm) Gl ND Spike & bypass command function
£p (o) G2 ND Bypass command function
fbp(“zm) G3 ND Bypass command function
fb(wic,ﬁsp,u) G4 ND Signal pressure function
fb(wic,M) G5 ND Signal pressure function
fép(an G6 in. Spike command function
fsp(am) G7 in. Spike command function
fb(wic,ésp,s) G8 ND Signal pressure function
fp Wicsasp G9 ND Signal pressure function
Gspd Gl10 in. Unstart boundary function
fca(ﬁspd)+fca(8) G11 kg/sec | Unstart boundary function
fca(a) G12 kg/sec | Unstart boundary function
fca (%p»“)*kl AM|  G13 kg/sec Unstart boundary function
fa(w1 »8sp.0 Gl4 ND Pressure recovery function
fa wic’GSP G15 ND Pressure recovery function
fa(wic,ﬁsp,ﬁ Gle ND Pressure recovery function
fa(wicyM G17 ND Pressure recovery function
fd(wic) G18 cm-sec/kg | Shockwave position function
£, (M) G19 ND Incremental press. recovery function
fcs(a) G20 in. Unstart boundary function
Til Ti1 sec Time constant
Ti, TI2 sec Time constant
Tiu TI4 sec Time constant
kis XKIS kg/cm-sec | Bypass loop gain
kie XKI6 cm Bypass loop gain
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

Inlet
Quantity Fortran Units Description
Kiig XKI10 ND Bypass command gain
ki, XKI12 cm Spike command gain
kils XKI15 kg/sec |Unstart function gain
kils XKI16 kg/cm-sec |Unstart function gain
kils XKI1S cm Spike gain
kizo XKI29 kg/sec | Engine airflow gain
kizs XKIZ23 ND Incremental pressure recovery gain
wnsp WNSP rad/sec | Undamped natural freq. of spike servo
Psp ZSP ND Damping ratio of spike servo
Ty TIDM sec Time constant
Tg TiDB sec Time constant
Ty TIDA sec Time constant
fbp(awo,o) G2Z ND Ref. cond. for bypass command function
fSp(“wo G7Z cm Ref. cond. for spike command function
ICDSP ND I1.C. mode control for z-transform
integration
ICDBP ND I.C. mode control for z-transform
integration
Gsp[o) DSPIC cm I1.C. for spike position
dsp(o) DSPDIC cm/sec | I.C. for spike position rate
Gbp(o} DEPIC cm I.C. for bypass position
ébpﬁo) DBPDIC cm/sec | 1.C. for bypass position rate
Engine
PLA PLA deg Power level angle
Aj. AJC cm? Command signal for exhaust nozzle
area
N RPMM % Command incremental engine rotor
speed
Nn RPM % Incremental engine rotor speed
Ptq/Pto PT4 ND Primary burner pressure ratio
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TABLE 2.— LIST OF FORTRAN QUANTITIES - Continued

Engine '
Quantity Fortran Units Description

wfpb WFPB % Inc::izntal primary burner fuel flow
Wfab WFAB % Incremental afterburner fuel flow rate
Aj AJ cm? Incremental exhaust nozzle area
Ge T % Incremental thrust

We . WEC kg/sec Incremental airflow demanded by enging
Taq TE1 sec Time constant

Tes TE3 sec Time constant

Tey TE4 sec Time constant

Ted1 TED1 sec Time constant

Tenz TEN2 5ec Time constant

Teqz TED2 sec Time constant

Kes XKE3 cn?/%N | Gain

Key XKE4 (kg/sec) /%N | Gain

Ke7 XKE7 %6,/cn? | Gain

Keg XKEB8 ND Gain

Keg XKE9S ND Gain

Ke1g XKE10 | %8t/%wgpp | Gain

Keq1 XKE11 1/em? | Gain

Kein XKE12 ND Gain

Ke13 XKE13 1/%N Gain

Keiy XKE14 bwepp /%N | Gain

Keis XKE15 %Wfpb Gain

Ke1s XKE16 %8¢/ %g,ap | Gain

Key7 XKE17 %wep/deg | Gain

Kajg XKE18 ND Gain

Kaig XKE19 WELab Gain

Kezo XKE20 %8, Gain

ICRPM ND 1.C. mode control for z-transform
integration
N{0) REMIC %N I.C. for engine rotor speed
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TABLE 2.— LIST

OF FORTRAN QUANTITIES - Concluded

Engine
Quantity Fortran Units Description
ICAl ND I.C. mode control for z-transform
integration
Aj(O) AJIC cm? I.C. for exhaust nozzle area
Aj(O) AJDIC en?/sec I.C. for exhaust nozzle area rate
AJCDIC cm?/sec |I.C. for command exh. noz. area rate
ICWFPB ND I.C. mode control for z-transfom
integration
Wfpb(O) WFPBIC %Wfpb I.C. for primary burner fuel flow
TICWFAB ND I.C. mode control for z-transform
integration
WFABIC WEah 1.C. for afterburner fuel flow
A-4840
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Figure 1.,— Three-view drawing of the aircraft.
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Figure 2.— Representation of aircraft propulsion system.
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Figure 3.— Airframe simulation.
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Figure 4,— Inlet block diagram.
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Figure 5.— Engine block diagram.
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